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a b s t r a c t

A cubic EJ-309 liquid scintillator of 10 cm width has been characterized for its response to γ-rays and
neutrons. Response functions to γ-rays were measured with calibrated radionuclide γ-ray sources in the
energy range from 400 keV to 6 MeV. Response functions for neutrons were obtained from measurements
at the PTB Van de Graaff accelerator with quasi-monoenergetic neutron beams in the energy range from
500 keV to 2.7 MeV, and at the PTB cyclotron with time-of-flight (TOF) measurements in the energy range
from 2.5 to 14 MeV. The light output and resolution functions for electrons and protons were derived by a
least squares adjustment to experimental data using theoretical response functions determined with
Monte Carlo simulations. The simulated response function for neutron was validated by results of
measurements with an AmBe neutron source which was characterized for its total neutron intensity. The
results indicate that the cubic EJ-309 detector is suitable for use in mixed γ-ray and neutron fields.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The detection of neutrons is used in various fields as a signature
of the presence of fissile and special nuclear materials. Applica-
tions of interest include nuclear security, where large neutron
detectors are used to reveal illicit trafficking of nuclear materials,
and nuclear safeguards, where the role of neutron detection is
crucial for the verification of facilities' nuclear material inventories
for timely detection of material diversion.

Currently deployed detectors rely on the use of 3He gas, due to
both the high cross-section for the 3He(n,p)3H reaction at thermal
neutron energy and the low sensitivity to γ-rays. For nuclear
security and safeguards applications, 3He gas detectors are mostly
embedded in a moderator material to increase their detection
efficiency to fast neutrons from fissions and (α,n) reactions. The
increased demand for 3He-based neutron detectors, in particular for
nuclear security applications, coupled with the limited production
of 3He, created the need for alternative neutron detection solutions.

Liquid scintillators have been proposed as a suitable alternative
to 3He for neutron detection. They are sensitive to fast neutrons,
which are mainly detected via elastic scattering with hydrogen, and
can be used in the presence of a mixed-particles radiation field

when pulse shape discrimination (PSD) techniques are applied to
discriminate pulses generated by different incident particles.

For many decades, liquid scintillators have been used as
neutron detectors for a variety of applications including basic
nuclear physics studies [1,2], nuclear technology diagnostic [3,4],
and radiation protection and dosimetry [5]. A particular applica-
tion of liquid scintillators is neutron spectroscopy [5–7], both with
time-of-flight [8] and pulse-height spectroscopy [9,10] techniques.
The former relies on the good timing resolution of liquid scintil-
lator detectors. The latter is based on spectra unfolding [11] and
requires accurate response functions of the detector [5,7].

The use of more traditional liquid scintillators, such as NE213, BC-
501A or its equivalent EJ-301, has been longly limited to supervised
applications due to the hazardous nature related to the low flash
point (26 1C) of these fluids. Only the recent advent of liquids with a
high flashpoint and low toxicity, such as EJ-309 (ELJEN Technology
[12], with a flash point of 144 1C), coupled with the advent of fast
electronics for real-time PSD [13,14], has made this technology
suitable for unattended use in an industrial environment [15].

Due to the characteristic fast response to neutrons, liquid
scintillators have found a particular application in the replacement
of 3He-based neutron detection systems used for nuclear safeguards
[16,17]. Furthermore, the production technique does not pose a-
priori limitations on the size of the detectors, as in the case of crystal
detectors. Hence, they can replace 3He detectors if a high detection
efficiency is required, as in the case of nuclear security applications.
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Nevertheless, constraints on the size and geometry of the cells are
imposed by the light propagation and the pulse shape for particle
discrimination. Previous research have focused on cylindrical scin-
tillator cells [15,18,19], with a maximum cell diameter of 12.7 cm
[19,20]. In this paper, the characterization of a cubic EJ-309 liquid
scintillator cell is presented. An array of such detectors is intended to
be used in a safeguards application, for which a cubic cell geometry
was specifically required in view of a detectors vertical placement
around a squared cavity [16]. The scintillation response to γ-rays and
neutrons, in terms of light production per incident particle and as a
function of its energy, is determined and theoretical response
functions are validated by results of experiments performed in
quasi-monoenergetic γ-ray and neutron fields.

2. Experimental set-up and data acquisition

The EJ-309 liquid scintillator that was characterized in this
work was manufactured by Scionix. Its technical details are shown
in Fig. 1. The detector consists of a cubic cell with 10 cm width,
which is coupled to a 7.6 cm diameter photomultiplier tube (PMT,
ETL type 9821 FLB) by a glass optical window made out of pyrex.
The optical window penetrates inside the liquid volume to
guarantee its complete contact with the liquid for every angular

position of the detector cell. The penetration length of 9 mm was
verified by a γ-ray radiography. The radiography also revealed the
presence of an expansion void of approximately 5.4% of the liquid
volume in the cell. This expansion volume is used to avoid damage
caused by temperature variations.

The PMT was powered with a portable high voltage supply,
model Canberra 3106D. No external light source was used for
stabilizing the gain of the detector system. The optimum operating
voltage was derived from a study of the detector response to
radionuclide γ-ray sources, as discussed in Section 5.1. The best
linearity and resolution was observed at �1250 V.

The anode output of the PMT was directly connected to a CAEN
DT5751 digitizer [21], running the Digital Pulse Processing – Pulse
Shape Discrimination (DPP-PSD) firmware for the acquisition and
pre-processing of the pulses. The digitizer has a 10 bit resolution
and was used with a sampling frequency of 1 GS/s. The effective
number of bits (ENOB) is 9.04 [22]. Applying the interleaved
operating mode which provides a sampling frequency of 2 GS/s
would not have improved the pulse shape discrimination figure of
merit (defined later) [23,22]. The acquired samples are integrated
over time, eliminating the need for a charge sensitive preamplifier.
A complete description of the digitizer acquisition algorithm can
be found in Ref. [24]. The signal acquisition logic is illustrated in
Fig. 2.

Fig. 1. Technical specification (left) of the EJ-309 liquid scintillator that was characterized in this work. The geometry modelled for the Monte Carlo simulations (right) is
also shown.
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A trigger level on the leading edge of the pulse initiates the
processing of the acquired sample. This level, which reflects the
minimum detectable light output, is set to avoid useless data
processing of noise signals. The signal baseline is calculated by a
moving average over a programmable number of samples acquired
before the trigger. When a trigger occurs, the system opens two
gates with different programmable widths. The gate lengths are
set to account separately for the fast component of the pulse alone
(short gate, τS) and to include also the slow component or pulse
tail (long gate, τL). Integration of the voltage samples over these
gates widths results in two values for the integrated charge, which
are denoted by QS and QL for the short and long gate, respectively.
A programmable pre-gate delay is used to open the gates before
the trigger occurs. The settings of the trigger level, pre-gate delay
and gate lengths are specified in Fig. 2.

In addition to the integrated charges, a time tag is produced
which corresponds to the trigger time. In list mode operation,
the firmware extracts the time tag together with the integrated
charges QS and QL and transfers these values to a list mode output
file. This file is subsequently post-processed using software devel-
oped at the JRC-IRMM to retrieve the PSD parameter, the time-
difference between successive events and the time difference
between a detected event and an external trigger. The latter is
used for time-of-flight measurements with a pulsed beam. The
software also includes the production of pulse height and time-of-
flight spectra of the detected events. Hence, only the DPP part of
the firmware of the CAEN module is used.

3. Pulse shape discrimination

The discrimination between events due to the detection of a γ-
ray or a neutron is based on the shape of the fluorescence signals
which are produced when charged particles are stopped in the
detector [5,25]. The resulting scintillation pulse exhibits a fast rise
time and a tail consisting of a fast and slow component. The
fraction of the slow component increases with the stopping power
of the charged particle and all principles of PSD are based on the
different relative contribution to the slow component of pulses
generated by particles with different mass. A pulse resulting from
the detection of a neutron, which is mainly due to the production
of light by protons, has a larger slow component compared to the

one due to the detection of a γ-ray which results from light
produced by electrons [5,25].

Various algorithms have been developed for discriminating
events due to the detection of a neutron or γ-ray [5,26]. The most
common one is the charge integration method, in which the pulse
amplitude is integrated over two separate time intervals, account-
ing respectively for the fast and the slow (or the total) component
of the pulse shape. A PSD parameter PS is defined as [18,27]

PS ¼ 1�QS

QL
ð1Þ

where QL and QS are the above defined long and short gate
integrated charges, respectively. The parameter PS reflects the
fraction of the light output due to the slow component. Other
methods include a fit of the pulses with reference pulse shapes
[28,29] or analytical functions [30,31]. They require the digitaliza-
tion and acquisition of the whole pulse waveform, with limitations
on the maximum data throughput of the experiments. For pulses
with light outputs above 100 keV, the performances of the
different algorithms are comparable.

The PSD algorithm applied in this work is based on the charge
integration method. The optimum settings of the long and short
gate were derived from results of measurements with an AmBe
neutron source. For this measurements, the distance from the bare
source to the detector was large enough to minimize the effect
of pile-up, and no pulse rejection was performed on the acquired
data. The histograms of the PSD parameter PS resulting from
measurements with different settings for τS and τL are shown in
Fig. 3 and 4.

For each of these spectra a figure-of-merit was calculated [7]:

FOM¼ Pn�Pγ
ΔPnþΔPγ

ð2Þ

where Pn and Pγ are the PSD parameters corresponding to the peak
in the spectrum resulting from the detection of neutrons and γ-
rays, respectively, and ΔPn and ΔPγ their full widths at half
maximum. The best PSD performance based on this figure of merit
was obtained for τS¼34 and τL¼120 ns. Fig. 5 is a two dimensional
representation of the PSD performance resulting from a measure-
ment with an AmBe neutron source. The parameter PS is plotted
on the y-axis against the total light output. The colorbar indicates
the number of detected events. Events resulting from the

Fig. 2. Representation of the signal acquisition logic in the DPP-PSD firmware of
the CAEN module [24].

Fig. 3. Histograms of the PSD parameter PS resulting from measurements with an
AmBe source. The measurements were performed with a fixed τL¼80 ns and
variable τS. The histograms are normalized at the peak resulting from the detection
of γ-ray events at PS¼0.12. The data were taken with a fixed lower threshold of
200 keV on the light output.
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detection of a neutron or γ-ray are observed as two distinct clouds,
which are centred around PS¼0.20 and PS¼0.12, respectively. At
low energies the clouds start to overlap and a separation between
γ-ray and neutron events becomes difficult. Hence, the figure of
merit strongly depends on the threshold that is set on the total
light output. This is illustrated in Fig. 6, where the FOM derived
from the data in Fig. 5 is plotted as a function of the total light
output. The FOM was obtained by fitting the histogram of the
parameter PS for a fixed light output by a sum of two Gaussian
distributions. The resulting position and widths of the distribu-
tions have been used to indicate in Fig. 5 the events corresponding
resulting from the detection of a neutron or γ-ray.

In this work, the events associated with the detection of a γ-ray
were identified by 0:0oPSo0:17, whereas the events associated
with the detection of a neutron were identified by 0:17o
PSo0:45. The value PS¼0.17 represents the lower edge of the
neutron cloud, as shown in Fig. 5.

4. Theoretical response function

The response function RðL; EÞ of a scintillation detector (or spectro-
meter) reflects the probability that after the detection of a γ-ray or
neutron with energy E a light-output L is produced. This response
function can be considered as a combination of a function R1ðEcp; EÞ,
describing the energy Ecp that in the scintillator is transmitted to the
charged particle by a γ-ray or neutron with energy E, and a function
R2ðL; EcpÞ expressing the probability that a charged particle with
energy Ecp produces a light pulse with an amplitude L.

The response R1 depends on the γ-ray or neutron transport in
the detector material and can be determined with Monte Carlo
simulations. The accuracy of such calculations relies on the quality
of the nuclear data and on how well the details of the detector are
known and included in the simulation input file. The function R2
can be parametrized with a Gaussian distribution [32]:

R2ðL; EcpÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffi
2πs2

L

q � exp �ðL� f ðEcpÞÞ2
2s2

L

 !
ð3Þ

where the light output function f ðEcpÞ and resolution function s2
L

depend on the energy Ecp.
Both the light output and resolution function are characteristic

for each individual detector type and geometry [33]. They cannot
be predicted and have to be determined by experiment [7,33].
Light output functions have been extensively studied for a variety
of scintillators of different type and size [9,33–37]. They strongly
depend on the charged particle type creating the light pulse
[7,34,35]. For the majority of scintillators, the light output pro-
duced by electrons Le is a linear function of the electron energy in
the energy range between 0.04 MeV and 1.6 MeV [32,38,39], such
that the observed integrated charge QL can be related to the
electron energy Ee and the light output Le by

QL ¼Q0þGeLe ¼ Q0þGeðEe�E0Þ ð4Þ

where E0, which is mostly taken to be 5 keV, accounts for
quenching effects in the scintillator at small energies [32,40].
The calibration factor Ge is used to transfer the observed integrated
charge, which is recorded in channels, into an electron equivalent
light output L expressed in energy units [32]. The parameter Q0 in
Eq. (4) accounts for a possible offset due to the electronics. The Ge

factor together with the offset Q0 is derived by comparing experi-
mental and theoretical response functions for a set of γ-rays as
described in Section 5.1. At higher energies deviations from the
linear dependence of the light output as a function of electron
energy have been reported by Refs. [37,39,41].

Fig. 4. Histograms of the PSD parameter PS resulting from measurements with an
AmBe source. The measurements were performed with a fixed τS¼34 ns and
variable τL. The histograms are normalized at the peak resulting from the detection
of γ-ray events at PS¼0.12. The data were taken with a fixed lower threshold of
200 keV on the light output.

Fig. 5. Two dimensional representation of the distribution of the total light output
L (in energy scale) and the PSD parameter PS. The data result from measurements
with an AmBe neutron source with τS¼34 ns and τL¼120 ns. The data are
represented with a lower threshold of 200 keV on the light output. (For inter-
pretation of the references to color in this figure caption, the reader is referred to
the web version of this article.)

Fig. 6. FOM derived from the data in Fig. 5 as a function of the total light output.
For the calculation of the FOM, the data in Fig. 5 were binned over intervals of
240 keV.
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The light output produced by charged particles heavier than the
electron is known to be non-linear [9]. Various parametric formulae
have been proposed to describe them, ranging from a semi-empirical
approach based on the specific energy loss [25,34–37,42,43] to full
empirical analytical expressions as a function of the charged particle
energy [44,45,37]. The formulae used by Madey et al. [44]:

Lp ¼ a0Epþa1ð1�e�a2E
a3
p ÞEp ð5Þ

and Kornilov et al. [37]:

Lp ¼
b1Ep

1þb2Ep
Ep; ð6Þ

seem to be good approximations to describe the non-linear behavior
of the light output produced by protons for a variety of scintillators
[37,46–49], including EJ-309 liquid scintillators [19]. Eq. (6) has also
been used by Kornilov et al. [37] to account for the non-linear electron
light output.

The resolution function s2
L is mostly parametrized by

[7,32,50,51]

s2
L ¼ α2L2þβ2Lþγ2 ð7Þ

and expresses the independent contributions due to the position-
dependent light transmission from the scintillator to the photo-
cathode (α), the statistical nature of the light production and
amplification (β), and the electronic noise (γ). The value of the
parameter α limits the resolution of the detector at large light
outputs, while the contribution of the noise can mostly be
neglected. The parameter α depends strongly on the geometry
and can be estimated theoretically [50].

The resolution function depends on the properties of the
detector components and its construction details [38]. However,
the function does not strongly depend on the particle type
producing the light, as demonstrated in Refs. [37,38]. Therefore,
the parameters α, β and γ can be determined from measurements
with γ-ray radionuclide sources.

Assuming multiple interaction events can be neglected, the
response function RðL; EÞ can be approximated by the convolution
of the response functions R1 and R2:

RðL; EÞ ¼
Z

R1ðEcp; EÞ � R2ðL; EcpÞ � dEcp: ð8Þ

When these conditions are not fulfilled, e.g. for large volume
scintillators, the calculation of the response function RðL; EÞ
requires a Monte Carlo simulation accounting for the full processes
of particle transport and light production.

In this work, theoretical response functions are derived from
Monte Carlo simulations based on a combination of two codes: a
particle transport code simulating the tracks of neutrons and γ-rays in
the scintillation material and the transfer of energy to the charged
particles by multiple collisions, and a post-processor accounting for
the light production by the charged particles. The particle transport
simulations were performed with the MCNPX-PoliMi code [52]. This
code is specifically tailored at the simulation of detector responses
when the separate treatment of each particle interaction occurring
within the detection material is required. The code provides a list
mode file reporting single interaction information on user-selected
portions of the system geometry, e.g. the detector cell. The detector
geometry and materials, as well as the experimental conditions of the
measurements, were carefully reproduced in the simulations to
reduce bias effects in the calculation of the response function. Fig. 1
shows the modelled geometry of the detector cell.

The output file from the MCNPX-PoliMi code is treated by the
SimPLiS code (Simulation Post-processor for Liquid-Scintillators),
which accounts for the light production and produces the full
response function RðL; EÞ. The SimPLiS post-processor code is a sub-
part of the SimPLiS-NCC code [53], which was developed at the JRC-

ITU (Ispra) for a particular safeguards application using a set of EJ-309
detector cells [16]. Depending on the incident particle type and target
atom, the energy transmitted in each collision is converted into
scintillation light using the parametrized light output and resolution
functions of the detector. The simulation of the photon transport to
the photo-cathode is not performed but the light production, includ-
ing resolution broadening, is calculated by sampling the produced
light over a Gaussian probability distribution whose mean is defined
by the light output function and its standard deviation is defined
by the resolution parameters (α, β and γ). The total light output
L¼∑n

i ¼ 1Li is derived by summing up the light Li ¼ 1;…;n produced in
subsequent collisions occurring within a specified time window,
which is defined by the rise time of the pulse. In case of multiple
collisions, the variance of the Gaussian distribution for a pulse of total
light output L becomes:

s2
L ¼ α2 ∑

n

i ¼ 1
L2i þβ2Lþγ2: ð9Þ

5. Experimental response function

To calculate theoretical response functions, the calibration para-
meters (Q0, Ge) and the light output and resolution functions are
required. They have been determined from measurements in quasi-
monoenergetic γ-ray and neutron fields carried out at the EC-JRC-
IRMM in Geel and at the PTB Ion Accelerator Facility (PIAF) of the PTB
in Braunschweig [54], following the procedures described in Ref. [33].
The parameters in the analytical function in Eqs. (4)–(6) were derived
from a least squares adjustment to experimental response functions
using the theoretical ones discussed in Section 4. The final response
functions for neutrons were validated with measurements with an
AmBe source. For all these experiments the detector with PMT was
positioned vertically as illustrated in Fig. 7.

5.1. Response functions for γ-rays

Experimental response functions for γ-rays were obtained from
measurements with a set of radionuclide γ-ray sources, which
were placed at 45.5 cm from the detector face. The characteristics
of the sources are reported in Table 1.

The experimental response functions obtained from measure-
ments with a 137Cs and 207Bi source, shown in Fig. 8, illustrate that
the interaction of γ-rays with the scintillating material occurs
mainly by means of Compton scattering with electrons. Back-
ground measurements were performed regularly during the
experimental campaign and the background contribution was
subtracted. These histograms were used to derive the calibration
factor G0

e, with QL ¼ G0
e (Ee - E0), and resolution parameter α02, with

Fig. 7. Detector setup for γ-ray measurements.
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s2
L ¼ α02L2, from a fit to the data in the region of the Compton edge.

This procedure was performed for the spectra resulting from both
the long and short gates. The calibration factor G0

e as function of
the Compton energy, shown in Fig. 9, reveals that the observed
integrated charge derived from the long gate is in first approxima-
tion directly proportional to the electron energy and no offset
correction is required, i.e. Q0¼0. The increase of G0

e with energy for
electron energies below 1500 keV, which was confirmed by repeated
measurements with a 137Cs and 207Bi source, is not understood and
requires further investigation. Similar conclusions can be drawn for
the data resulting from the short gate. From the data in Fig. 9 an
average calibration factor Ge was derived to convert the observed
charge into an electron equivalent light expressed in units of energy.
The ratio of the average calibration factors for the short gate and long
gate, confirms that 85% of the light that is produced by electrons
results from the fast component.

The relative resolution as a function of light output in Fig. 10
can be approximated by Eq. (7). The parameters (α2¼0.0016,
β2¼1.42, γ2¼25) have been determined from a fit to the data
points. The result is represented by the full line in Fig. 10.

Additionally, the experimental light output histograms were used
to derive the expected activity of the source Aexp by a fit of the
theoretical response functions in the regions of the Compton edges.
The data in Table 2 reveal that the activity derived from a fit to the
light output histograms is in very good agreement with the declared
activity. This indicates that the detector details, including the effective
volume of the liquid, the stoichiometry of the liquid and the expansion
volume, are well reproduced in the geometry input file and the
absolute detection efficiency can be predicted within 2%.

Theoretical response functions have been calculated using the
calibration factor Ge and resolution parameters (α, β and γ). Fig. 8

reveals the good agreement between the experimental and theoretical
response functions for γ-rays. It should be noted that the calculated
responses were based on the declared activities of the sources and the
calculated data were not scaled to match the experimental results.

5.2. Response functions for neutrons

5.2.1. Experimental conditions
The 3.75 MV Van de Graaff (VdG) accelerator of PTB was used to

produce quasi-monoenergetic neutron beams in the energy region
between 300 keV and 2.7 MeV. Pulsed deuteron beams produced at
the cyclotron were used to study response functions for neutron
energies between 2.5 MeV and 14MeV. Measurements with a 137Cs
and 207Bi source were carried out before and after the measurements
at the neutron beams to calibrate the pulse height spectra in energy.

At the VdG facility quasi-monogenergetic neutron beams were
produced by the 7Li(p,n)7Be and the Tðp;nÞ3He reactions [58].
The measurements with the LiF target, with an areal density of
37 μg cm�2, were carried out with proton beam energies between
2.05 MeV and 2.9 MeV, resulting in quasi-monoenergetic neutron
beams between 300 keV and 1.2 MeV, respectively. For the mea-
surements with the T/Ti target, with an areal density of
853 μg cm�2 and T/Ti number ratio of 1, the proton beam energy
was varied between 1.7 MeV and 3.5 MeV, leading to neutrons
beams between 0.8 MeV and 2.7 MeV, respectively. The detector

Table 1
Characteristics of the radionuclide sources used to determine the light output and
resolution functions for electrons. The declared activity Ad is given together with
the energy Eγ of the most intense γ-rays and the corresponding energy of the
Compton edge (EC).

Source T1=2 / y Ad/kBq Eγ /keV EC / keV Ref.

137Cs 30.05 21.98 662 477 [55]
60Co 5.27 11.60 1173 950 [55]

1332 1104 [55]
207Bi 32.90 30.70 570 394 [55]

1064 858 [55]
1770 1547 [55]

208Tl (from 232Th) 1.4�1010 N.A. 2614 2382 [55]
AmBe 432.60 N.A. 4443 4201 [56]
PuC 87.74 N.A. 6130 5885 [57]

Fig. 8. Experimental and theoretical response functions obtained from measurements with a 137Cs (left) and a 207Bi (right) γ-ray sources.

Fig. 9. Calibration factors G0
e as a function of the Compton energy. The full line

represents the average calibration factor Ge of the detector.
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was placed at a 4.03 m distance from the target and at 0 1 with
respect to the proton beam axis. The background contribution due
to scattered neutrons was determined by measurements with a
shadow cone consisting of iron (200 mm, thin side) and poly-
ethylene (200 mm, thick side). The small and large diameters are
32 mm and 52 mm, respectively. The cone was placed at 45 cm
distance from the target, creating a shadow of 20 cm diameter at
the detector position.

At the cyclotron neutron beams were produced by accelerating
a pulsed deuteron ion beam into a deuterium gas target. The
cyclotron was operated with a main frequency of approximately
13 MHz. Due to the limitations in the CAEN software used during
the experiments presented in this work, the digitizer system was
not able to handle count rates above 96 kHz. Therefore, the
effective frequency of the charged particle beam hitting the target
was reduced to 57 kHz by a beam pulse selector. Measurements
were performed for a 9.14 MeV and 11.06 MeV deuteron beam,
resulting in mono-energetic peaks for the main reaction of 12.21
and 14.03 MeV respectively. The spectrum is dominated by mono-
energetic neutrons produced by the D(d,n)3He reaction. The
continuum spectra, resulting from the D(d,np)D and D(d,n)n2p
break up reactions, in combination with time-of-flight measure-
ments were used to study response functions in the energy
region between 2.5 MeV and 7.5 MeV. The detector was placed
at 20.697 m from the target. For each deuteron energy comple-
mentary measurements with an empty target chamber were

carried out to account for ambient background neutrons and
neutrons resulting from beam interactions in the accelerator and
the target structure. To perform time-of-flight measurements a
start signal derived from the pulsed ion beam was sent as an
additional input signal to the CAEN digitizer. The TOF-spectra with
and without gas in the target chamber resulting from measure-
ments with a 11.06 MeV deuteron beam are compared in Fig. 11.
The position of the peak resulting from the detection of γ-rays was
used to derive the zero point of the TOF scale. The peak in Fig. 11 at
400 ns is due to mono-energetic neutrons with an energy of
14.03 MeV produced in the D(d,n)3He reaction. The other peaks
in the spectrum are satellite peaks which result from spurious
deuteron beam pulses produced in the main frequency of the
cyclotron that were not removed from the beam by the beam
selector. Additional light output spectra for fixed neutron energies
were derived by selecting events with fixed TOF values. The TOF-
bin width corresponded to an energy width of about 5%, which is a
factor 2 lower than the resolution at the highest energies encoun-
tered. Examples of such spectra are shown in Fig. 12.

5.2.2. Light output and resolution functions
The spectra in Fig. 12 were used to derive the light output and

resolution functions for protons. For each spectrum a parameter
Rp ¼ L=Ep and resolution parameter α02 ¼s2

L=L
2 was derived, with

Ep the energy of the proton producing the light. For the spectra
obtained at the VdG the energy distribution of the neutrons was
taken into account in the calculation of the theoretical response.
This distribution was calculated by the EnergySet [59] and NeuSDesc
[60] codes developed at the EC-JRC-IRMM. EnergySet calculates
neutron energy spectra and fluencies for quasi-monoenergetic neu-
tron fields produced by charged particle induced reactions. It uses the
stopping powers from Refs. [61,62], the differential cross-sections from
Refs. [63,64] and kinematics to calculate the neutron spectrum as a
function of the ion beam energy and current, target thickness, neutron
emission angle and detector distance. For LiF targets, the competing
reaction 7Li(p,n)7Ben, which generates a lower energy neutron peak, is
included in the calculation of the total neutron flux distribution.
NeuSDesc is an extended version of EnergySet. It also accounts for
broadening due to energy and angular straggling of the ion beam and
non-homogeneities of the entrance foil for gas targets. To simulate the
stopping of the ion beam in the target the SRIM-2008 code [65]
is used.

Table 2
Ratio of the activity Aexp, derived from the experimental response, and the declared
activities Ad for three γ-ray sources. The experimental activity was obtained from a
least-squares fit in the region of the Compton edge. The uncertainties result from a
propagation of only the counting statistics uncertainty.

Source Ad/kBq (%) Aexp

Ad

137Cs 21.9871.0 1.01070.003
60Co 11.6070.7 1.02070.003
207Bi 30.7073.0 1.00070.012

Fig. 11. Gas-in and gas-out neutron TOF spectra for a cyclotron measurement with
a deuteron beam of 11.06 MeV.

Fig. 10. The relative resolution ΔL=L, with ΔL expressed in FWHM, as a function of
the light output L. The data resulting from measurements with the γ-ray sources
are represented by an asterisk (n) for the long and by a triangle (Δ) for short gate.
The data derived from the response functions for neutrons are represented by open
circles (o) for the cyclotron monoenergetic peaks, by squares ð⊡Þ for the time-of-
flight data, by right pointed triangles ð▹Þ for the VdG data with the LiF target and by
left-pointed triangles ð◃Þ for the VdG data with the T/Ti target. The full line is the
result of a least squares fit using the neutron data and the γ-rays data points for the
long gate. The results are compared with those obtained by Enqvist et al. [19] for
two cylindrical EJ-309 liquid scintillators.
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The light output for protons in the EJ-309 cell can be approxi-
mated by Eq. (5) and by a modified version of the function
proposed by Kornilov et al. [37]:

Lp ¼ b0Epþ
b1Ep

1þb2Ep
Ep: ð10Þ

Using Eqs. (5) and (10) the experimental data are reproduced
within 0.8% and 1%, respectively, at the 1 sigma level, with the
parameters (a0¼0.80, a1¼�2519, a2¼3.68�10�4 and a3¼0.96)
for Eq. (5) and (b0¼0.082, b1¼1.36�10�4 and b2¼1.80�10�4)
for Eq. (10). The parameters are obtained from a least squares
adjustment to the data. Without including the term b0, i.e. using
the formula proposed by Kornilov et al. [37], the deviation
between fitted and experimental data is 2%.

The influence of multiple interaction events is illustrated in
Fig. 13 for the response to 5 MeV neutrons. Since the response is
dominated by the multiple interaction events, the quality of the
simulated response strongly depends on how well the non-linear
behavior of the light output function is known.

Fig. 14 shows that the light output function for protons for the
EJ-309 detector studied in this work is very close to the general
function that is derived at PTB from a study of several organic
liquid scintillators of different geometry and size [66]. The energy
dependence of the specific light output for the EJ-309 detector
studied in this work is similar to the one reported by Enqvist et al.
[19] for a cylindrical EJ-309 cell with dimensions (12.7 cm
� 12.7 cm). However, the light output reported for this detector
with a 60% larger volume is systematically lower. The light output
derived by Enqvist et al. [19] for a cylindrical EJ-309 cell with

a smaller volume (7.6 cm� 7.6 cm) is also different from the
rectangular cell studied in this work and the larger cell studied
by Enqvist et al. [19]. It should be noted that the light output
functions of Enqvist et al. [19] were derived from experimental
response functions up to 6 MeV neutron deposited energy.

Fig. 12. Examples of experimental and theoretical response functions obtained by mono-energetic peak (top left) and time-of-flight (top right) measurements at the PTB
cyclotron with a deuteron beam, and by neutron measurements with the LiF target (bottom left) and the T/Ti target (bottom right) at the VdG accelerator.

Fig. 13. Contribution of single and multiple interaction events to the total response
of the EJ-309 detector presented in this work for 5 MeV neutron energy. The
experimental response was obtained from TOF-measurements at the PTB cyclotron.

A. Tomanin et al. / Nuclear Instruments and Methods in Physics Research A 756 (2014) 45–5452



The data in Fig. 10 reveal that the relative resolution for light
produced by protons is similar to the one for light produced by
electrons. The resolution of the detector characterized in this work
is slightly better compared to two cylindrical EJ-309 detectors of
similar sizes studied in Ref. [19], as illustrated in Fig. 10.

5.3. Measurements with an AmBe(α,n) source

Measurements with an AmBe(α,n) neutron source were per-
formed at the EC-JRC-IRMM in the same experimental conditions
as those for the γ-ray measurements described in Section 5.1.
Measurements with a 137Cs source were regularly performed to
control the stability of the detection system. During the 10 days of
measurement time, including the background run, a 1.5% drift in
gain was observed, and the experimental data were corrected
for the gain shift using the 4.44 MeV γ peak of the AmBe source.
The neutron source was certified for its neutron output (7.711
70.050)�104 s�1 by measurements in a manganese bath. The
resulting histogram of the electron equivalent light output for
events resulting from the detection of a neutron is shown in
Fig. 15. The data were only corrected for ambient background
radiation. No shadow cone measurements were performed to
correct for room scattering.

The theoretical response function was calculated with Monte
Carlo simulation using the simulation tools described in Section 4.
For the simulations the AmBe(α,n) neutron spectrum recom-
mended in the ISO standard was used [67]. Using the light output
and resolution functions described in the previous section, the
data in Fig. 15 were used to derive the neutron intensity of the
source by a fit of the theoretical response to the measured data in
the light output region with 1500 keVoLo6500 keV. The result-
ing intensity is (8.0070.01) 104 s�1, where the quoted uncer-
tainty is only due to counting statistics. An overall uncertainty of
4% is expected on the result and is mainly due to imperfect PSD
separation between γ and neutron events, and background fluc-
tuations which affect the measurements given the relatively weak
strength of the AmBe source. Therefore, the above quoted value is
consistent with the declared value. The good agreement between

experimental and calculated response also confirms the light
output for protons derived in this study.

6. Summary

In this work a characterization of a cubic EJ-309 liquid scintil-
lator detector of 10 cm width is presented. The detector was
characterized for its response to γ-rays and neutrons by means
of calibrated radionuclide γ-ray sources in the energy range from
400 keV to 6 MeV, and by quasi-monoenergetic neutron beams at
the PTB Van der Graaff accelerator in the energy range from
500 keV to 2.7 MeV, and time-of-flight measurements at the PTB
cyclotron in the range from 2.5 to 14 MeV. The results of the γ-ray
measurements were used to verify the detection efficiency for
γ-rays and the linearity and resolution of the detector in the set
experimental conditions. The detection efficiency for γ-rays result-
ing from the simulations were confirmed within 2%. The light
output and resolution functions for electrons and protons were
derived by a least squares adjustment to experimental data using
theoretical response functions determined by Monte Carlo simula-
tions and a post-processing code to account for multiple interac-
tion events in the detector. The derived resolution function and
light output for neutron were compared to those found in the
literature for similar liquid scintillator detectors of different
geometries. The comparison revealed how the detector character-
ized in this work exhibits a similar behavior as compared to other
liquids. However, on an absolute scale differences are observed
even for cells filled with the same liquid (EJ-309). Hence, the need
for a separate experimental characterization of cells of different
geometries and using different PMTs is again evidenced.

The simulated response function for neutron was validated
by results of measurements with an AmBe neutron source. The
detection efficiency for neutrons resulting from the simulations
was confirmed within 4%.

The results presented in this work indicate that the cubic EJ-
309 detector is suitable for use in mixed γ-ray and neutron fields.
The derived light output and resolution functions combined with
Monte Carlo simulations can be used to reproduce the full
response matrix which can be used in various applications ranging
from neutron and γ-ray spectrometry to nuclear safeguards and
security.

Fig. 14. Specific light output function for protons for the EJ-309 detector studied in
this work. The data derived from the response functions for neutrons are
represented by open circles (o) for the cyclotron monoenergetic peaks, by squares
ð⊡Þ for the time-of-flight data, by right pointed triangles ð▹Þ for the VdG data with
the LiF target and by left-pointed triangles ð◃Þ for the VdG data with the T/Ti target.
The full and dashed lines are the result of a least squares fit using Eqs. (5) and (10)
respectively. The results are compared with those obtained by Enqvist et al. [19] for
two cylindrical EJ-309 liquid scintillators, and by PTB [66].

Fig. 15. Experimental and simulated pulse height spectra obtained from measure-
ments with an AmBe neutron source. The light output and resolution functions
used for the computation of the simulated response are discussed in Section 5.2.2.
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